Introduction
T he retina is a complex multilayered tissue that collects and decrypts information of light energy and then transmits such information to brain to reflect images of the visual environment. Retinal pigment epithelium (RPE) is a highly specialized cell monolayer with pigmented microvilli aligning the Bruch's membrane located between the neural retina and the choroid in the eye [1] . Mature RPE cells are mitotically quiescent under the physiological condition in the eyes; however, the RPE cells start to proliferate when the neural retina suffers from traumatic injuries [1] . Many retinal diseases may be linked to RPE degeneration. The RPE is an essential supporting tissue for nutrient transport, production of growth factors and phagocytosis of the photoreceptor outer segments [2] . The photoreceptor and associated retinal circuitry is a complex system, and it is challenging to be repaired through regenerative medicine [1, 2] . Several mechanisms of retina degeneration may cause outer retina deterioration, including photoreceptors and the associated RPE cells. The degeneration leads to irreversible vision loss, and currently no effective treatments exist to permanently stop the degeneration and to restore normal retinal function from lost vision. There were some reports regarding retinal regeneration, including application of mature photoreceptors, progenitor cells, retinal sheets and RPE cells, and these trials demonstrate improved vision in animal studies. However, the mechanism of the visual improvement is not clear, and the data from animal trial cannot be translated into effective clinical treatments yet. During retinal regeneration, the cell organization/alignment, integration and differentiation into retinal cell types are critical to its functionality. The photoreceptors/ RPE complex functional unit is vital for normal vision; furthermore, their layered organization and correct orientation are critical for normal function and survival of the retina. The implanted cells need to complete retinal integration and differentiate into mature retina cell 139 types. The implantation of the cells into the subretinal region may cause significant cell loss, and cell behavior after implantation may not be controllable; thus, the implanted retinal cells and tissue may form abnormal rosettes [3] [4] [5] . Cell viability and differentiation are significantly improved when the cells are transplanted with scaffolds [6] . The scaffolds can provide necessary mechanical and physical supports for cell attachment, proliferation and differentiation [7, 8] . However, conventional scaffold fabrication methods lack precision, and are incapable to prepare constructs with complex designs [7, 9] . Threedimensional (3D) bioprinting can precisely deliver cells and biomolecules to prepare micro-tissues, microorgans and memetic extracellular matrix, which bring researchers effective strategies for the investigation of disease progression, drug metabolism and applications of tissue or organ transplantation [7, [10] [11] [12] . Human retina is a highly complex vascularized tissue that contains at least 60 functionally different cell types, including rod and cone photoreceptor cells, horizontal cells, bipolar cells, amacrine cells, retinal ganglion cells as well as support cells, glial cells, etc. [1, 13] The multiple cells need to cooperate in concert with each other to successfully relay visual signal to brain, and only specific cells need to be replaced during certain diseases, for example the retinal ganglion cells in glaucoma, or the photoreceptor cells in retinitis pigmentosa [1, 6] . Moreover, certain areas of the retina may need replacement in some conditions, for example in the treatment of age-related macular degeneration (AMD) that arises as the result of chronic and low-grade inflammation in the central outer retina, leading to the RPE and Bruch's membrane degeneration [2, 14] . Moreover, there are other diseases that will also cause macular disease [1, 15] . All the diseases lead to the malfunction of RPE and photoreceptors. In some extreme cases, the whole eyeball may need to be removed and replaced due to retinoblastoma; thus, the 3D bioprinting technology is indeed necessary to regenerate complex retina [13] . The retina models are useful for the investigation of neurogenesis regulation and cell diversification for AMD diagnosis and early treatments. There are only few attempts and reports regarding retinal regeneration and in vitro retina models. In this paper, the 3D bioprinting technology for creation of RPE (ARPE-19) and photoreceptors (Y79) retina equivalent is reported, and the printed construct may serve as a meaningful retina model for the investigation of RPE and Y79 interactions, and retina-related disease mechanism, treatment options and tissue regenerative strategies.
Materials and Methods

Materials
Hematoxylin/eosin (HE), chloroform, polyethylene glycol (PEG, Fluka 88276), alginate (W201502), pluronic F-127 (P2443) and calcium chloride were purchased from Sigma-Aldrich. Polycaprolactone (PCL) powder was purchased from Perstorp (Mw 50000). ZO-1 Monoclonal Antibody, FITC (ZO1-1A12,), NucBlue® Live ReadyProbes® reagents and ActinGreen™ 488 ReadyProbes® reagents were purchased from Thermo Fisher Scientific.
Cell Culture
Human retinal pigmented epithelial cell line (ARPE-19, CRL-2302; ATCC, Rockville, MD, USA) and human retinoblastoma cell line (Y79, HTB-18™, ATCC) were cultured in DMEM:F12 (ATCC) and RPMI 1640 (ATCC) media at 37 °C with 5% CO 2 , respectively, and the media was supplemented with 10% fetal bovine serum (FBS) and 1% antibiotics.
Bioink Preparation
Alginate and pluronic were exposed and sterilized in INTELLIRAY UV Flood 400, (λ = 320-390 nm; density: 115 mW/cm 2 ) for half an hour. 10% alginate solution was prepared by the addition of 10 g of alginate powder in 100 mL double-distilled water, and the solution was incubated in 60 °C overnight. Then, the 10% alginate solution was mixed with pluronic to form a complex bioink consisting of 2% alginate (w/v) and 25% pluronic (w/v). The bioink was stored at 4 °C for future applications.
ARPE-19 Cell Bioprinting
The ARPE-19 cells upon confluence were washed with phosphate-buffered saline (PBS) three times. Then, 2 mL of Trypsin-EDTA (0.25%) was added onto the cells and incubated for 5 mins. When the cells were detached from the flask, the trypsin was neutralized by 5 mL DMEM:F12 full media. The cells were counted and centrifuged, and then they were reconstituted in cell culture media at a concentration of 1 × 10 6 cell/mL. The cell solution was transferred into a cartridge for microvalve-based bioprinting. The bioprinting procedure was based on the drop-by-drop pattern to achieve a final seeding density of 2,786 ± 492 cells/cm 2 on an ultrathin membrane. The ultrathin membrane was fabricated according to our published protocol [16] . Then, the cells on the ultrathin membrane were further cultured for two weeks. 
Y79 Cell Bioprinting
Y79 cells were in a suspension culture, and the cells were counted before collection. The cell pellet was resuspended in alginate/pluronic bioink to obtain a final cell density of 1 × 10 6 cell/mL. The Y79 cell-laden bio ink was filled in a cartridge and kept at 37 °C. The cartridge was connected to a 21G needle tip, and pressure (2 bars) was applied to motivate the bioink to go through the needle to print two distinctive patterns on the ARPE-19 cell-seeded ultrathin membrane: a high average cell density at the center (HC) and a high average cell density at the periphery (HP). The bioprinted Y79 cell-laden bioink was crosslinked in 50 mmol/L calcium chloride solution for 5 mins. Subsequently, the retina equivalents were cultured in cell culture media.
Bioprinted Retina Equivalent Characterization
The cell viabilities of bioprinted ARPE-19 cells at day 1, 7 and 14 were evaluated by prestoblue (Thermo Fisher, Grand Island, NY, USA) assay in test media (1 mL) consisted of prestoblue (10%) and FBS (5%). Control groups were cells without bioprinting. Then, the cell viabilities were calculated according to vendor's protocol. Meanwhile the bioprinted ARPE-19 cells at day 1, 7 and 14 were fixed in 4% paraformaldehyde; then, they were stained by ActinGreen™ 488 ReadyProbes® and NucBlue® Live ReadyProbes® reagents and observed under inverted microscope (Zeiss). The bioprinted ARPE-19 cells on ultrathin membrane at day 14 were also observed under inverted microscope, and the sample was then fixed by 4% paraformaldehyde and HE stained. The bioprinted sam ples were stained by ZO-1 Monoclonal Antibody, FITC (ZO1-1A12)/NucBlue® Live ReadyProbes® reagents and ActinGreen™ 488 ReadyProbes®/ NucBlue® Live ReadyProbes® reagents and live/dead assay, respectively. The stained samples were observed under inverted microscope (Zeiss) and laser scanning microscope (Zeiss LSM 710). For scanning electron microscope (SEM, JEOL) observation, the samples were fixed at day 1, 7 and 14, and then were dehydrated in 30%, 50%, 75%, 95% and 100% ethanol gradually before critical-point drying, and the samples were sputter-coated (sputtering time 90 s and current 20 mA) by gold before SEM observation.
Statistical Analysis
All data was presented as means ± standard deviation (n = 3). Statistical analysis was implemented by paired samples t-test and multiple comparisons using singlefactor analysis of variance (ANOVA) and post-hoc Tukey tests using SPSS Statistics version 19.0, and p < 0.05 was considered statistically significant.
Results
The whole bioprinting strategies for retinal regeneration could be clearly observed in Figure 1 . The bioprinting protocol was designed to precisely and efficiently simulate the biological functions of native retina. The ARPE-19 cells were precisely bioprinted on the ultrathin membrane at discrete places to obtain homogenous cell seeding, and then the cells were allowed to grow for two weeks until the formation of ARPE-19 cell monolayer. The Y79 cell-laden alginate/pluronic bioink were bioprinted on the ARPE-19 cell monolayer to achieve two different cell-seeding densities, as can be seen in Figure 1 C1 and C2. The bioprinted ARPE-19 cells were closely monitored at day 1, 7 and 14 via prestoblue assay (Figure 2) . The trend of cell viability in the bioprinted samples were similar to that of the control, their values increased gradually from day 1 to day 14, and no significant differences were observed in both groups. In Figure 3 , the ARPE-19 cell morphology and proliferation were investigated, and the cells attached to the membrane within 24 hours, and then migrated and spread on the membrane. The cell number increased markedly, and finally the bioprinted ARPE-19 cells formed cell monolayer at day 14. The bioprinted ARPE-19 cells on the ultrathin membrane at day 14 were further analyzed by inverted microscope, and the bright field image and HE staining indicated that the bioprinted cells formed an intact cell monolayer on the ultrathin membrane ( Figure 4) . The bioprinted ARPE-19 cells on ultrathin membrane were investigated under confocal microscope ( Figure 5 ). It can be observed that the strong actin filaments were within each cell, and the cells were closely packed with polygonal appearance. Moreover, no cell clusters and aggregations were observed on the ultrathin membrane at week 2. Furthermore, the bioprinted ARPE-19 cells were stained by ZO-1 antibodies ( Figure 6 ), and it showed that robust tight junctions existed within the ARPE19 cell monolayer.
The Y79 cell-laden alginate/pluronic bioink was printed on the ultrathin membrane upon the formation of ARPE-19 cell monolayer. In Figure 7 , the cell-laden bioink was bioprinted into two distinctive patterns: the first one is with the higher average Y79 cell-seeding density at the center, and the other one is the higher average Y79 cell-seeding density at the periphery. The samples in both groups were maintained in culture media for seven days. The Y79 cells in alginate/pluronic bioink after bioprinting were evaluated by live/dead assay, and the live cells were stained in green while dead cells were in red color (Figure 8) . Most of the Y79 cells survived at day 1, and they proliferated obviously at day 4 and 7 with high cell viability. Subsequently, the bioprinted Y79 141 Figure 1 . Design of bioprinting toolpath for retina equivalent (A); bioprinting of ARPE-19 cells on ultrathin membrane (B1) to obtain homogenous cell seeding (B2) and the cells finally formed monolayer within two weeks (B3); Y79 cell-laden bioink bioprinting toolpath to achieve two distinctive cell-seeding densities: high average cell density at the periphery (HP, C1) and high average cell density at the center (HC, C2).
cell-laden constructs were observed under SEM ( Figure  9 ): the width of each construct was around 0.21 mm, and the smoothly connected constructs maintained consistent morphology in shape and size. The Y79 cells can be observed either at the surface or inside the bioprinted construct ( Figure 9D-F) , and they were in "sphere" shape.
Discussion
Severe retina degeneration due to the malfunction of photoreceptor and RPE cells may finally lead to irreversible vision loss. Current treatment methods can only delay the disease progression, while it is almost impossible to restore the full function of the deteriorated sensory retina. More importantly, it is challenging to diagnose retina-related diseases at their early stages. For example, AMD is one of the major causes of visual loss in elderly people. 5% of population age above 65 suffers AMD, while the percentage goes up gradually to 12.5% for age 80 and above [17, 18] . The AMD according to its symptoms can be divided into "dry" and "wet" conditions. Visual loss could happen within months or several years. Majority of AMD initiates as the "dry" type (80%-90% patients), and it may further deteriorate in to "wet" type (10%-20% patients) [19] . The early diagnosis of AMD faces many difficulties, and the AMD is usually asymptomatic at its early stages; occasionally some patients experience acute symptoms such as vision loss, unclear vision, scotoma, visual distortion, etc. [20] The disease development of AMD usually takes long time without symptoms, thus understanding the disease development is largely relative to the wellbeing of the elderly people in the world. Significant progress in 3D printing technology has demonstrated a potential for organizing advanced cellular and tissue structure with high physiological relevance [21] . This technology is successfully applied in many biomedical applications including skin, heart and retina bioprinting, etc. [22] The 3D bioprinting technology can efficiently and precisely produce the retina equi valent that a biomimetic platform can be built (Figure 1 ) [23] [24] [25] . This proposed platform will be extremely useful for eyerelated diseases' risk assessments and drug testing. In this paper, the ultrathin membrane is utilized to represent Brunch's membrane, which is a very thin tissue barrier (2-4 µm) between the retina and choroid. It serves two major roles: as a substratum for metabolically active RPE cell attachment and as a vessel wall. The membrane is involved in AMD and other chorioretinal diseases. The PCL ultrathin membrane enhances cell morphology and barrier formation of ARPE-19 cells, and the stronger and more uniform tight junctions can be observed
cell viability (Figure 2 ). The bioprinted ARPE-19 cells show interesting migration patterns on the ultrathin membrane ( Figure 3) ; the cells remain inside the bioprinting droplets at the first 24 hours and subsequently the cells migrate, proliferate and gradually occupy the gap among each droplet, until finally an intact ARPE-19 cell monolayer is formed on the ultrathin membrane. The high quality of ARPE-19 cell monolayer is verified by confocal microscopy and by HE and ZO-1 staining. The cells cover the whole mem brane, and no vacant area is observed (Figure 4 ). In the confocal image, the actin staining indicates intense interactions among cells, while DAPI staining (cell nucleus in blue) proves that no overlaid cells are in the cell layer ( Figure 5 ). Thus, a high quality ARPE-19 cell monolayer is created on the ultrathin membrane.
The vital function of the RPE is to control the ionic composition of the subretinal region, subsequently providing sensory retina the biological environment for its proper function. The sensory retina-related diseases are very subtle and hard to be discovered at their earlier stages; although many scientists prefer to use fresh samples as their experimental model, the available samples are quite limited, especially when they are collected from human [26] . On the other hand, animal models may provide alternatives; however, the animal models are not fully controllable and the experimental data is not fully translatable [27] . Therefore, cell culture and tissue engineering offer significant flexi bility to create in vitro retina tissue models and to study the mechanism of retinal regeneration and disease development. The 3D bioprinting technology offers powerful tools for tissue model creation to fully mimic human retina. In this article, the ARPE-19 cell-seeded ultrathin membrane represents Brunch's membrane and RPE monolayer with tight junctions (Figure 6 ), subsequently the Y79 cell-laden bioink is printed on the APRE-19 cell monolayer to achieve two distinctive patterns ( Figure 7 ). Pure alginate bioink has shown excellent cytocompatibility [28] -however the bioink has poor printability. Pluronic is thermoreversible and generally nontoxic, and it has been employed for drug delivery including intramuscular, intraperitoneal and subcutaneous injections [29] . Therefore, the alginate/ pluronic complex bioink is prepared to maintain excellent biocompatibility and achieve improved printability.
Human photoreceptors are composed of cone and rod cells, and the density distribution of the cone and rod cells are regulated from the foveolar to retinal periphery, with the highest cone concentration is observed at the foveola while rod density is at its maximum density at a 5-6 mm from the foveola [30] . Y79 cells express both cone-and rod-specific antigens [31] [32] [33] , and among ARPE-19 cells on the PCL membrane than that of a transwell membrane [16] . The ultrathin membrane is successfully utilized in this research to support ARPE-19 cell seeding, proliferation and formation of monolayer. The bioprinting process does not compromise ARPE-19 fresh retinoblastoma tumor cells can differentiate to photoreceptor, neuronal and glial cell lines [34] . Therefore, Y79 cells are useful for retina-related research [35] in 3D cell-bioprinting to investigate biological responses of sensory retina cells during and after bioprinting. The bioprinted retina constructs are cultured in media for seven days, and the bioprinted Y79 cell-laden bioink can preserve its basic configuration during the culture period. Although the complex bioink is crosslinked by calcium ions that are slowly released in culture media, its structure may gradually deteriorate. Therefore, the culture media should be carefully and gently removed to avoid structural disruption. The Y79 cell viability is not compromised in the bioink, and the cell density increases from day 1 to day 7 ( Figure 8 ). In SEM images (Figure 9 ), the Y79 cells can be easily observed on the surface of the bioprinted cell-laden hydrogel; the inner structure of the cell-laden bioink is porous and allows transportation of nutrients and waste, thus providing a benign environment for Y79 cell reproduction while 
Conclusion
A retina equivalent was prepared by hybrid 3D bioprinting and reported in this article, and the bioprinted construct was composed of ARPE-19 cell monolayer on ultrathin membrane, and a third layer with two distinctive patterns (Y79 cells in alginate/pluronic bioink). The cell viability, cell morphology and quality of the bioprinted ARPE-19 cells were closely investigated, and the ARPE-19 cells formed high quality monolayer on the ultrathin membrane within 14 days. The Y79 cell-laden alginate/ pluronic bioink was successfully bioprinted on the ARPE-19 cell monolayer with two distinctive patterns. The Y79 cells in the bioink showed benign morphology and proliferated in seven days. The bioprinted retina equivalent has acceptable cytocompatibility with advanced structure aiming to simulate native retina. Therefore, it may have broad applications in retina-related 
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research including investigations on disease mechanism, drug testing and treatment methods.
